Abstract. The International Stellarator Confinement Database (ISCDB) is a joint effort of the helical device community. It is publicly available at http://www.ipp.mpg.de/ISS and http://iscdb.nifs.ac.jp. The validity of physics models is investigated employing ISCDB data. Bayesian model comparison shows differences in the confinement scaling of data subgroups. Theory-based assessment of pure neoclassical transport regimes, however, indicates scalability which is supported by experimental results in specific W7-AS scenarios. Therefore, neoclassical simulations are employed for predictive purposes, accounting for effects due to power deposition, plasma profiles, and the ambipolar radial electric field. Neoclassical case studies for W7-X are presented as examples for the neoclassical predictions to be considered as an upper limit of plasma performance.
The International Stellarator Confinement Database
Stellarator/heliotron research aims at an alternative fusion reactor concept. For a conclusive physics basis a comprehensive exploration of the plasma performance in existing devices is required. With respect to magnetic configurations and operational regimes, varieties in stellarator operation were revealed in earlier studies [1, 2] . Consequently, a permanent assessment of confinement in stellarators and its relevance for reactor scenarios are required. As part of this effort, the International Stellarator Confinement Database (ISCDB) was reinitiated in 2004 and the ISS95 [3] has been extended to roughly 3000 discharges from eight different devices. In a first step, a unified scaling law ISS04 [1] was derived from an ISCDB subset consisting of roughly 1700 data. ISS04 largely confirms ISS95, but reveals the impact of the magnetic configuration which is formally described by a confinement time enhancement factor.
In addition to the data for global scaling considerations, ISCDB documents also special discharge scenarios, single parameter scans in power, density and rotational transform and even scans of the magnetic configuration (by variation of the major radius) in LHD [2] . The latter scan is also a case of neoclassical optimization due to inward shift of the plasma [4] . A second example is a density scan close to highest densities leading to the HDH bifurcation in Wendelstein 7-AS [5] . For HDH discharges the density scaling exponent was found to agree with the ISS04 scaling, however with a larger configuration factor which diminishes in the case of detached divertor plasmas. Third, the confinement in H-modes in W7-AS with broad density profiles compared to narrow density profile high-performance discharges is an example of profile effects on τ E which is not reflected by the confinement scalings. Finally, 26.9.2006 -7 th version EX/P7-1 high-electron-temperature electron-root discharges governed by the beneficial effect of the radial electric field [6, 7] indicate the role of local transport properties in stellarator plasmas.
The global confinement of nearly all discharges of the ISS04 database is dominated by anomalous transport. Only at fairly high temperatures does neoclassical transport become important due to its unfavorable temperature dependence in the long-mean-free-path regime. It is this small subset of discharges (mainly from W7-AS) which allows for the confirmation of neoclassical modeling for the confinement, and is an example for theory-based extrapolations for W7-X, and in a future step, to reactor scenarios. This paper is devoted to an assessment of physical models with respect to scaling laws. The first part deals with physical model comparison for global confinement data employing Bayesian model comparison techniques. In the second part purely neoclassical τ E scalings are derived. The study is completed by predictive scans of neoclassical simulations for Wendelstein 7-X discharges which are compared with ISS95.
Model comparison for global confinement data scaling
Scaling laws are used both as a reference and for extrapolation. The latter purpose requires a careful assessment of the validity of scaling laws. A powerful approach is the application of dimensional constraints due to Connor and Taylor [8] , followed e.g. by Christiansen et al. [9] . The basic idea as applied in this paper is to test the compatibility of data with a physics model. Requiring the same invariance behavior of the basic equations determining confinement and the scaling relation under similarity transformations puts constraints on the scaling model. If the model is a power law, the constraints are restrictions in the exponents [8] . Our technique to identify the most valid model for experimental data given is Bayesian model comparison [10] . This technique automatically obeys Occam's Razor and thereby punishes models of higher complexity, i.e. it weights consistently the number of model parameters considered. However, a key for the application of Bayesian model comparison is reliable error estimates of all model parameters but as well as in the target quantity. An issue of particular reactor relevance is the beta scaling of global stellarator confinement. ISS04 indicates a small degradation of global stellarator confinement with the volume average plasma-β (
A caveat is due to the clustering of data in the beta-collisionality space. Therefore, a detailed statistical analysis of the data subsets is necessary. In previous 26. 9.2006 -7 th version EX/P7-1 studies, early confinement data from W7-AS were identified to be consistent with a collisional low-β model [10] . The extension of ISCDB now allows us to test the model validity also for higher β data. Fig. 1 shows data from W7-AS and LHD widely spread in β and collisionality range. The data are separated into subgroups intuitively termed low-and high-β according to their relative appearance in Fig. 1 with respect to the β-axis.
According to the Connor/Taylor invariance principle [8] the scaling law ansatz is Note that this is actually an expansion into a series of single power laws. While the first term (P/na 4 B 3 ) is contained in all CT-models, the occurrence of the (a 3 B 4 /n)-term indicates that a model reflects collisional physics (otherwise the model is collisionless). Likewise, the (1/na 2 )-term signifies high-β (otherwise low-β). Care has to be taken in the choice of the data in a sub group. For instance, (a 3 B 4 /n) is the decisive term in Eq. 1 to decide between collisionless and collisional CT-models. Since the minor effective radius a varies only marginally and it quite often happens that the machine conditions are such that the toroidal magnetic field B is the same for all discharges within a data set, there is no difference for this term and the 'collisional' term in Eq. (1), i.e. (1/na 2 ). For such conditions, a model comparison for the above CT-models is not possible. Therefore, a wide spread of data must be ensured with respect to the terms in Eq. (1).
FIG. 2. Density scans for the low-β (left) and high-β (right) data set of W7-AS. The data from each set are shown in the open circles. Since they were measured for various settings of the other control parameters B,P and a, they are spread over the full W-range. Contrarily, the filled circles with error bars are average values of groups of data measured for a certain setting of the control parameters. Note that these values are not part of the data set used in the evaluation process. The result of the Bayesian estimation is shown by the solid line, where the grey shaded area is the confidence region.
The result of the model assessment is that the collisional low-and high-β models are most consistent with the low-and high-β data, respectively. Two additional tests for fluid models were unimportant in any set. However, note that the model probabilities are affected by the choice of the separation into low-and high-β subgroups, being somewhat arbitrary. With respect to collisionality the outcome must be more closely investigated: While the W7-AS high-β set is considered to be at the brink of the Pfirsch-Schlüter regime, the low-β data is in the ν 1 regime of collisionality. Both were correctly identified with collisional CT-models. The data basis for the subgroups of W7-AS is quite firm, so that deviations from a simple 26. 9.2006 -7 th version EX/P7-1 single power law behavior show up with high probability and an expansion order of E=3 in Eq. (1) is the most probable one, both for low-and high-β.
For the low-β data it was already revealed [8] that the most probable expansion with E=3 accounts for density saturation effects which cannot be described by a simple single-term power-law ansatz. This is demonstrated in FIG. 2 which depicts the variation of the density where the other control parameters B, P and a are set constant (low-β: B=2.53T, P=0.45MW and a=0.176m; high-β: B=1.18T, P=3.1MW and a=0.152m). Preliminary results for LHD show that the data basis is somewhat weaker and that collisional models win again for both subgroups, and E=1 for low-β and E=2 for high-β are already sufficient.
Testing physical models on confinement data indicate different transport mechanisms for different dimensionless parameters. A second result is the lack of predictability from simple power-law scalings. It is therefore questionable if global scaling laws derived for different discharge types and heating scenarios in different configurations and devices give a sufficient basis for performance predictions in reactor-relevant parameter regimes. The necessity to introduce a configuration-dependent confinement enhancement factor in ISS04 already emphasized this argument. In addition, one has to note that the present stellarator confinement database is mainly fed from small devices, i.e. the confinement is influenced by edge physics. In order to conclude on the reactor potential of stellarators, one has to confirm the basic physic mechanisms determining confinement; purely statistical approaches based on existing devices are less reliable.
Purely neoclassical energy confinement scaling
Neoclassical transport is by definition only local, and a representative radius, e.g. a r 3 2 = , reflecting the global confinement is used for the analytical neoclassical E τ scaling. In contrast, predictive neoclassical transport simulations as described in Sec. 4, leads to the estimation of the full radial profiles and, consequently, to the energy content and finally E τ .
In the global neoclassical scaling approach, the total heat flux i e Q Q + balances the deposited heating power P at the outer radius that is representative for the energy content (radiation losses are omitted in this discussion). At this radius, the analysis of the local neoclassical transport depending on B T n , , and ι leads to the E τ scalings: 
-7 th version EX/P7-1
The first scenario reviews the Lackner-Gottardi scaling [13] , i.e. the ion plateau scaling which holds for In W7-AS, "optimum confinement" discharges [14] with narrow density but fairly broad temperature profiles (quite different to H-or H*-mode discharges) are characterized by the agreement of both neoclassical e Q and i Q with the respective ones from power balance up to 2/3 of the plasma radius. In this sense, the main part of the energy content is determined by neoclassical transport with e i Q Q ≈ . Although only the low-energy part of the electron and ion distribution functions correspond to the plateau regime, the agreement of E τ with ISS04 is rather good. The dominant role of neoclassical transport in these high-performance discharges motivates the neoclassical predictive transport simulations for W7-X.
τ E simulations for W7-X
Neoclassical predictive transport simulations [15] for both pure ECRH and pure NBI scenarios for the W7-X standard configuration are performed, and the simulated τ E are compared with the ISS95 scaling. In the simulations, the shape of the density profile was fixed with a rather conservative gradient region (about 10 cm). For the outer 10 to 15% of the plasma radius, an anomalous heat diffusivity both for electrons and ions scaling as 1 − n was added to the neoclassical transport coefficients. The time-dependent diffusion equations for the electron and ion temperatures (power balance) as well as for the radial electric field [16] are solved self-consistently up to steady-state. For ECRH and NBI heating scenarios, density and power scans are performed and the resulting τ E is analyzed for each scan independently.
The ECRH scans are simulated for the X2-mode heating (140 GHz at B=2.5T), with densities 26.9.2006 -7 th version EX/P7-1
For NBI scenarios power deposition to ions and electrons is self-consistently calculated with the e T and i T profiles up to steady-state. In the NBI scans for 60 keV H+, also the injection at 1/2 and 1/3 of the full energy is taken into account leading to a fairly broad power-deposition profile. The density range is The density and power scans for both ECRH and NBI simulations are summarized in Fig. 6 where E τ for W7-X simulations are added to experimental data from ISCDB. The significant improvement of the expected W7-X confinement with respect to ISS95 is consistent with the impact of the high W7-X elongation as described in the ITER ELMy H-mode scaling for tokamaks [17] . 
Conclusions and Outlook
As empirically suggested in the previous ISS04 study, ISCDB shows different subgroups. This finding was quantitatively supported by Bayesian model comparison for different high-β data in LHD and W7-AS. The results of this paper indicate that low and high-beta data at different collisionalities are consistent with the respective scaling invariant physical model. This repeated confirmation applying Connor-Taylor invariance principles to generate physics models which can be tested, establishes a reliable method to obtain insight into the physical nature of data. This method is not restricted to the models presented in this analysis and might be extended to discharges dominated by anomalous transport, e.g. by testing the role of electromagnetic turbulence characterized by the magnetic Reynolds number.
Since the overall number of data is much smaller than in tokamaks, and the variety of configurations and operation modes is broader, the predictions must be supported by theorybased scalings. Limiting cases of neoclassical scaling are supported by some W7-AS discharges. More realistic predictions for W7-X are obtained by self-consistent 1D transport simulations.
The global 0D data base will be extended towards profile documentation of existing devices. LHD plays particular role here, allowing for validation of 1D transport models. Smaller existing devices like TJ-II, HSX and Heliotron-J complete the overall picture and may give further insight on the virtue of optimization and neoclassical mechanisms. Consequently, the 0D study ISCDB is the seedling, now maturing into the International Stellarator Profile Database ISPDB.
